Quantification of the permeability of connective tissue linings isolated from implanted capsules was achieved by two types of experiments. The objective of the first type was to determine the restriction offered by the lining to diffusion of l2: 'I-labeled human serum albumin. The restricted diffusion coefficient of albumin with respect to the connective tissue lining the luminal capsule surface (internal lining) averaged 3.0 x 10~7 ± 0.4 x 10~7 cmVsec in ten experiments indicating that the rate of migration of albumin across the structure was 35% of its free diffusion rate in water. In contrast, the albumin diffusion coefficient obtained for the abluminal (external) lining suggested that diffusion of albumin through this structure was 73% of the free diffusion rate in water. The objective of the second type of experiment was to determine solute reflection coefficients for inulin, serum albumin, and y-globulin with respect to the internal and external linings. For the internal lining, the reflection coefficients were: inulin 0.07, albumin 0.23, and y-globulin 0.53. The external lining showed greater leakiness as evidenced by its lower reflection coefficient for a given molecule and its higher hydraulic conductivity. An equivalent pore calculation resulted in a calculated pore radius of 250-350 A for the internal lining and a calculated pore radius of 500-600 A for the external lining. The ineffectiveness of the leaky capsule lining in transmitting oncotic pressure suggests that under normal conditions the capsule measures interstitial hydrostatic pressure rather than oncotic pressure.
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• Because of the inaccessibility of the minute interstitial spaces, interstitial fluid pressure has been notoriously difficult to measure in a direct manner. It is therefore not surprising that many indirect techniques have been developed in an attempt to gain access to the forces operating in the interstitium. The subject of this paper is the validity of one of these methods, namely, the chronically implanted capsule technique of measuring interstitial fluid pressure. In principle, the chronically implanted, perforated capsule provides a large artificial fluid space in the tissue which is assumed to be in complete equilibrium with surrounding interstitial fluid (1, 2) . After subcutaneous implantation, fibrous connective tissue grows through the perforations and lines the inner surface of the capsule, leaving a 222 large fluid cavity in the center. A needle can then be pushed through the skin, through one of the perforations on the surface of the capsule, and finally into the center of the capsule where the fluid within the needle comes in intimate contact with the intracapsular fluid. In contrast to the positive pressures obtained by other investigators using older methods, the pressure measured by the perforated capsule technique is normally subatmospheric in subcutaneous tissue and several other tissues of the body (1, 2) .
The idea of free communication of protein between the capsular fluid and the fluid in the surrounding interstitium has been challenged (3, 4) . In essence, the argument has been put forth that because the capsule is impermeable to proteins it behaves as an osmometer and, therefore, measures the sum of oncotic and hydrostatic pressures (3) . Support for this argument derives from the finding that intracapsular pressure changes when the capsular fluid is replaced by fluids with various oncotic activities (4) . That is, when high concentrations of albumin are placed in the capsule, the capsular pressure increases. When solutions of very low oncotic activity are used, the capsular pressure becomes more negative. This fact suggests that the capsular membrane is highly sensitive to oncotic pressure differences, as would be expected if the fibrous lining greatly impeded or actually prevented the movement of protein across its structure.
We are therefore faced with two seemingly irreconcilable views on the nature of the intracapsular pressure, one insisting that the capsule technique measures interstitial hydrostatic pressure only (1, 2) and the other claiming that the capsule measures a combination of hydrostatic and oncotic pressures and is highly sensitive to protein osmotic gradients (3, 4) . Yet, neither of the proponents of these current views has provided the prerequisite quantitative assessment of the membrane properties of the fibrous lining necessary for resolution of the conflict. Therefore, we performed an extensive analysis of the permeability of fibrous linings isolated from chronically implanted capsules. Utilizing the permeability data, we then computed the possible contribution of transmural protein gradients to intracapsular pressure under various conditions.
Methods
Perforated plastic hemispheres were implanted in the limb subcutaneous tissue of ten dogs anesthetized with sodium pentobarbital (30 mg/kg, iv). Then, 4-6 weeks later, a needle connected to a P23Db pressure transducer was pushed through the skin, through one of the capsule perforations, and finally into the central fluid cavity of the hemisphere. After recording the intracapsular hydrostatic pressure, a small sample of capsular fluid was withdrawn and the oncotic pressure measured with a Prather-Hansen osmometer (5) fitted with an Amicon PM-30 membrane. The hemisphere and surrounding tissue were then surgically removed, and the baseplate was separated from the dome of the capsule. The fibrous lining stripped from the luminal surface of the baseplate was designated the internal lining; the fibrous tissue isolated from the abluminal surface was designated the external lining.
Quantification of the permeability of the fibrous lining was achieved by two types of experiments. The objective of the first type was to determine the restriction offered by the lining to diffusion of l25 I-labeled human serum albumin. To achieve this goal, the fibrous tissue slab was inserted between two chambers of a modified Ussing transport apparatus (6) . The two chambers were filled with Tyrode's solution containing an additional 100 mg/100 ml of glucose, and the solution was maintained at 37°C by a constant-temperature circulation system which perfused a heat-exchange jacket surrounding the transport apparatus. Radioiodinated albumin (Albumotope, Squibb) was then added to one chamber, and the change in I25 I radioactivity in both chambers was determined every 15 minutes, utilizing a solid scintillation counter (Nuclear-Chicago model 132B). A 5% CO 2 -95% O 2 gas mixture was bubbled through the two chambers to ensure adequate Circulation Research, Vol. 36, January 1975 mixing. The restricted diffusion coefficient (D R ) was calculated from the unidirectional 123 I-labeled albumin flux (J), the thickness of the lining (AX), and the radioactivity of the hot chamber (C,,). Since J = D R • (C,,/AX), D H = J-(AXVC,,). To ensure the existence of a steady state or a quasisteady state, fluxes were calculated only after the rate of activity increase in the cold chamber essentially equaled the rate of decrease in the hot chamber. The time required to achieve this steady-state condition varied between 1 and 3 hours depending on the membrane thickness. Moreover, the flux from the hot side to the cold side was measured during the early steadystate phase to obviate any error due to significant back diffusion of tracer. In addition, by removing the slowly accumulating '-"'I-labeled albumin from the sink chamber, it was possible to make consecutive diffusion coefficient determinations. In three experiments, diffusion coefficients determined 18 hours after isolation of the lining were not significantly different from the initial determinations, indicating stability of lining structural integrity under the conditions of the experiments.
In the second type of experiment, the effectiveness of the fibrous lining as an osmotic membrane was analyzed by applying the theory of irreversible thermodynamics to membrane processes. According to Kedem and Katchalsky (7) , the volume or convective flow («/,.) across a membrane is dependent on both the hydrostatic pressure difference (AP) and the Van't Hoff osmotic pressure difference (ATT) existing across the structure. Thus, where L P is the hydraulic conductance relating the volume flow to the hydrostatic pressure difference and L PD is the osmotic conductance relating the convective flow to an osmotic gradient. The ratio of osmotic conductance to hydraulic conductance (-L PD /L P ) yields the reflection coefficient (a), an important parameter of membrane permeability. If the solute cannot penetrate the membrane, the volume flow for a given osmotic gradient is identical to the flow induced by a hydrostatic gradient of the same magnitude (L Pn = L P ). For such a truly semipermeable membrane, the solute molecules are totally reflected from the membrane surface after kinetic bombardment and the reflection coefficient is 1. If, on the other hand, the membrane offers no hindrance to solute migration, then none of the solute molecules are reflected by the structure of the membrane and therefore the reflection coefficient is 0. In the case of such an infinitely porous structure, no volume flow can be induced by an oncotic gradient no matter how large the potential difference (i.e.,L PI) = 0).
An alternate approach to the conceptual nature of the reflection coefficient lies in considering the effect of various degrees of permeability on the transmission of osmotic forces across a membrane. For an ideal semipermeable membrane (cr = 1) the total Van't Hoff osmotic potential is transmitted across the structure when this membrane is mounted on an osmometer. In contrast, only a fraction of the possible osmotic potential is transmitted if the membrane is permeable (a < 1) to the solute in question. Mathematically, the transmitted or effective osmotic pressure (ireff) is given by neff = emit is this effective osmotic potential that must be considered in any analysis of the effect of oncotic gradients on intracapsular pressure.
The reflection coefficients of inulin, bovine serum albumin (Cohn fraction V), and bovine -y-globulin (Cohn fraction II) with respect to the inner and outer capsule linings were determined utilizing the apparatus shown in Figure 1 . The following procedure was used. After mounting the membrane in the apparatus, the two chambers were filled with the bathing fluid described earlier in this section. The hydraulic conductance was then determined by measuring the rate of movement of fluid through the calibrated micropipette extending from chamber 1. The driving hydrostatic pressure difference was achieved by setting the height of the fluid in the chamber 2 extension. After determining the hydraulic conductance, the hydrostatic pressure difference was set to zero, the fluid in chamber 2 was replaced by a solution containing the osmotic probe species, and the osmotic conductance was obtained. The reflection coefficients were then calculated from the hydraulic and osmotic conductances. In addition, the hydraulic conductivity (K v ) was calculated for each membrane by multiplying the hydraulic conductance and membrane thickness. At the end of the experiment the hydraulic conductance was again determined to check the possibility of tissue degeneration during the course of the experiment. Since the second L P determination was nearly identical to the first, changes in fluid channel dimensions due to swelling or degeneration were not indicated.
To obtain a conceptual picture of the porosity of the fibrous lining, the equivalent pore model of Renkin (9) was utilized to calculate the effective radius (r) of cylindrical pores as a function of reflection coefficients, solute radius (r 8 ), and solvent (water) radius (/•".). The relationship between these variables is 1 -a = -Thus, by plotting 1 -a versus solute radius, a family of curves can be generated, each curve representing a certain equivalent radius. Superimposing experimental reflection coefficient data and literature values for solute radii, a best-fit pore size or range of pore sizes can be obtained.
All experimental results of this study are expressed in terms of means ± SD.
Results

Intracapsular Hydrostatic and Oncotic Pres-
sures.-The hydrostatic and oncotic pressures measured in the 20 capsules used in this study were -6.7 ± 1.7 mm Hg and 6.9 ± 1.9 mm Hg, respectively. Although the average value of intracapsular hydrostatic pressure is nearly identical to that obtained by other investigators (1, 2) , the oncotic pressure is higher than the 4-5-mm Hg mean value previously reported (1). These higher oncotic pressures suggest the possibility that the range of effectiveness of interstitial oncotic pressure changes in prevention of gross fluid accumulation in the interstitium may be greater than previously thought. This possibility has recently been emphasized by Wiederhielm (3).
Rate of Diffusion of Albumin through the Capsule Lining.-The diffusion coefficient of albumin with respect to the internal connective tissue lining averaged 3.0 x 10~7 ± 0.4 x 10" 7 cnvVsec in ten experiments. Assuming a diffusion coefficient of 8.5 x 10~7 cm 2 /sec for movement of albumin in water at 37°C (9), our data show that the capsule lining is indeed highly permeable to this protein molecule. However, the connective tissue lining does offer enough hindrance to reduce the rate of migration of albumin to 35% of its free diffusion in pure water. In contrast, the diffusion coefficient obtained for the external lining was 6.1 x 10" 7 ± 0.7 x 10~7 cnvVsec in ten experiments, suggesting that albumin diffusion through this barrier is nearly 73% of the free diffusion rate in water.
Degree of Semipermeability of the Capsule Lining.-An example of the experiments designed to quantify and compare the relative effects of hydrostatic and osmotic forces of equal magnitude on fluid movement across the capsule lining is illustrated in Figure 2 . In the absence of an oncotic pressure difference across the internal lining, a hydrostatic pressure difference of 15 mm Hg induced a volume flow of 0.23 /iliters/min. When the same membrane was exposed on one side to a yglobulin concentration sufficient to generate 15 mm Hg of osmotic pressure in an osmometer, the rate of flow was only 55% of that produced by the hydrostatic pressure difference of the same magnitude. When albumin was used to induce a convective flow of water, the rate of fluid movement was only 2Wc of the hydrostatic pressure-induced flow. Equivalent pore radius of internal and external capsule linings. Note that the equivalent pore radius of the external lining (open circles) is larger than that of the internal lining (solid circles). Each point represents the mean ± SD. globulin or smaller. The degree of semipermeability of the inner and outer capsule linings measured in terms of the reflection coefficient is a function of the molecular radius of the solute (Table 1) . Thus, for the internal membrane, the reflection coefficient is 0.53 ± 0.06 for -y-globulin, 0.23 ± 0.05 for serum albumin, and 0.07 ± 0.02 for inulin. The external lining showed a greater leakiness as evidenced by the lower reflection coefficient for a given molecule and the higher hydraulic conductivity. Subjecting these data to an equivalent pore model computation results in a calculated pore radius of 250-350 A for the internal lining ( Fig. 3 , solid circles) and a pore radius of 500-600 A for the external lining ( Fig. 3, open circles) .
Discussion
The purpose of this study was threefold; (1) to directly determine whether the connective tissue lining of the subcutaneously implanted capsule is permeable to serum proteins, (2) to quantify the sensitivity of the lining to oncotic gradients, and (3) utilizing these data, to predict the possible contribution of interstitial oncotic pressure to measured intracapsular hydrostatic pressure under equilibrium and nonequilibrium conditions. Permeability of Capsule Lining and Its Sensitivity to Oncotic Gradients.-Our diffusion data clearly demonstrate the permeability of the capsule lining to serum albumin. Although the diffusion coefficients do indicate a leaky membrane, they do not provide any clue as to the effectiveness of the lining as an osmometer membrane. For example, it is a well-known fact that the capillary membrane is leaky for albumin, yet the capillary wall functions with 90-95% effectiveness in transmitting oncotic pressures under steady-state conditions (9) . In other words, although the capillary leaks protein, it possesses a high reflection coefficient for these molecules. Clearly, this is not the case for the leaky capsule lining. In contrast to the capillary membrane, the connective tissue which lines the perforated capsule is only 25% effective in transmitting oncotic forces in the case of albumin. Even for the large -y-globulin molecule, the response to oncotic gradients is no more than 50% of that theoretically expected for a true semipermeable membrane. In vivo support for these low reflection coefficients is provided by the exchange experiments reported by Stromberg and Wiederhielm (4) . In their study, elevating the intracapsular albumin concentration from 2 g/100 ml to 7 g/100 ml resulted in only a 3-4-mm Hg increase in intracapsular pressure. However, if the capsule lining were impermeable to albumin, this 5 g/100 ml increase in albumin concentration would have induced at least a 20-mm Hg increase in intracapsular pressure. Therefore, the data of Stromberg and Wiederhielm (4) suggest a reflection coefficient of 0.2 or less.
Oncotic Contribution to Intracapsular Pressure in Equilibrium and Nonequilibrium States.-In light of our data indicating low reflection coefficients for albumin and y-globulin, what influence will interstitial oncotic pressure have on the intracapsular pressure? If an oncotic contribution to intracapsular pressure exists under certain conditions, then obviously in those cases intracapsular pressure is not a measure of interstitial hydrostatic pressure per se, but rather it reflects the sum of hydrostatic and oncotic forces. To better understand the possible effects of oncotic pressure on intracapsular pressure under all conditions, we must consider the predicted behavior of the capsule in equilibrium and nonequilibrium states.
A true semipermeable membrane (o-= 1) can maintain an oncotic differential in the equilibrium state, as exemplified by an osmometer. In contrast, a leaky membrane (a < 1) such as the capsule lining cannot maintain a protein osmotic difference unless energy is provided to prevent equalization of protein activities on the two sides of the lining. In the absence of imparted energy, the transmural protein activities will equilibrate across the leaky membrane. Therefore, in the equilibrium state, intracapsular oncotic pressure and interstitial oncotic pressure are identical, thus forcing equality of intracapsular hydrostatic pressure and surrounding interstitial hydrostatic pressure. The existence of oncotic equilibrium between capsular fluid and interstitium under normal conditions is supported by the study of Taylor et al. (10) which showed that subcutaneous capsular and lymphatic 125 I-labeled albumin activities are similar 130 hours after the radioactive protein is injected intravenously, and that in the normal subcutaneous tissue of the limb and paw the albumin concentration, globulin concentration, and albumin-globulin ratio are nearly identical for capsule fluid and lymph. Thus, this study suggests that intracapsular pressure is equal to interstitial hydrostatic pressure in normal, unperturbed subcutaneous tissue, since no protein gradient between capsule fluid and lymph is demonstrable.
Suppose, on the other hand, there existed an energy-dissipating mechanism for extruding protein from the capsule fluid into the interstitial protein pool at a rate equal to its diffusion into the capsule lumen. Then a continuous nonequilibrium or steady-state situation would prevail and interstitial oncotic pressure could be maintained higher than intracapsular oncotic pressure. If such a situation existed, true interstitial pressure could be atmospheric while intracapsular pressure was negative. In other words, the negative intracapsular pressure would simply reflect a protein osmotic force imbalance across the capsule lining. In essence, this view is supported by Wiederhielm (11), although he suggests convective streaming through the capsule lining to maintain the interstitium-to-capsule protein gradient. However, a simple calculation of the magnitude of interstitial oncotic pressure required to produce an intracapsular pressure of -7 mm Hg argues strongly against such a mechanism.
The effective oncotic gradient generated by a leaky membrane system is equal to a (n, -n c ) where TT, and n r are interstitial and capsule oncotic pressures, respectively, as measured with a true semipermeable osmometer. Utilizing the experimentally determined reflection coefficient (0.25) and capsule fluid oncotic pressure (5-7 mm Hg), then to induce an effective oncotic gradient of Circulation Research, Vol. 36, January 1975 7 mm Hg the aforementioned gradient-generating mechanisms must maintain a steady-state interstitial osmotic pressure of more than 30 mm Hg. Obviously, this value is unacceptably high in view of the fact that plasma oncotic pressure in dogs is normally only 20-22 mm Hg. Furthermore, as noted previously, comparison of lymph and capsule protein concentrations shows no significant oncotic differences across the capsule lining. With these arguments in mind, we think it unlikely that oncotic pressure contributes to intracapsular pressure under normal, unperturbed conditions in subcutaneous tissue.
Although the leaky capsule appears to be in true equilibrium with the interstitial space under normal conditions, this condition may not prevail during the transients which occur as the interstitium moves from one equilibrium state to another. For example, during rapid intravenous infusion of saline, the interstitial oncotic activity may fall fairly rapidly, but the decrease in intracapsular oncotic pressure may be delayed because of the small surface-volume ratio of the capsule and the significant impediment offered by the lining to diffusion of proteins. Although the capsule fluid will finally equilibrate with the surrounding interstitium, an oncotic pressure contribution equal to O-(T7> -TT C ) will obtain during the transient; therefore, in terms of true interstitial fluid pressure, the capsule technique will yield values which are in error by CT(TT -n c ) mm Hg. For subcutaneous tissue, this error during transients will probably be small, since the reflection coefficient and the normal interstitial oncotic pressure are both low. For example, the transient error is less than 1.6 mm Hg if interstitial oncotic pressure is suddenly reduced to zero, a most extreme condition. Rapid infusion of Tyrode's solution usually reduces lymphatic oncotic pressure to low levels only after gross interstitial edema occurs and intracapsular pressure is elevated to +4-6 mm Hg. Assuming a normal intracapsular pressure of -7 mm Hg, the contribution of an oncotic gradient to the change in capsular pressure is less than 15%. However, in tissues characterized by a very high interstitial oncotic pressure such as lung, liver, and intestine, the significance of this error during transients will increase.
